Plant growth promoting fungi include strains of Trichoderma species that are used in biocontrol, 13 and arbuscular mycorrhizal (AM) fungi, that enhance plant nutrition and stress resistance. The 14 concurrent interaction of plants with these two groups of fungi affects crop performance, but has 15 only been occasionally studied so far. Using in vivo imaging of GFP-tagged lines, we investigated 16 the cellular interactions occurring between Trichoderma atroviride PKI1, Medicago truncatula and 17 two Gigaspora species under in vitro culture conditions. T. atroviride did not activate symbiotic-18 like responses in the plant cells, such as nuclear calcium spiking or cytoplasmic aggregations at 19 hyphal contact sites. Furthermore, T. atroviride parasitized G. gigantea and G. margarita hyphae 20 through localized wall breaking and degradation -although this was not associated with significant 21 chitin lysis nor the upregulation of two major chitinase genes. T. atroviride colonized broad areas of 22 the root epidermis, in association with localized cell death. The infection of both symbionts was 23
INTRODUCTION 28
The release of plant root exudates in the rhizosphere attracts a multitude of microbes that thrive in 29 this nutrient-rich niche. In addition to obligate biotrophs, like arbuscular mycorrhizal (AM) fungi 30 belonging to Glomeromycota, the rhizosphere also hosts many facultative saprotrophic fungi. 31
Trichoderma/Hypocrea spp. are present in soil, litter, dead wood, and are commonly isolated from 32 the rhizosphere at all soil depths (Harman et al., 2004) . These fungi successfully exploit a multitude 33 of substrates, supported by their large arsenal of poly-and oligo-saccharide hydrolytic enzymes 34 (Druzhinina et al., 2012) . In particular, chitinases and glucanases allow Trichoderma species to act 35 as mycotrophs that antagonize, parasitize and kill other fungi. This feature has made the genus 36
Trichoderma a first-choice in biocontrol against fungal pathogens (Harman et al., 2004) , with the 37 most common biocontrol strains belonging to T. harzianum, T. asperellum/asperelloides, T. 38 hamatum, T. viride and T. atroviride (Druzhinina et al., 2012) . In addition, the direct interaction 39 with root cells can trigger plant induced systemic resistance, another mechanism of disease control, 40 (Harman et al., 2004) . Evidence indicates that the association of Trichoderma species with plant 41 roots can range from symbiosis (Lorito and Woo, 2014) to endophytism and facultative 42 pathogenicity (Druzhinina et al., 2012) , and involves the exploitation of plant derived carbohydrates 43 by the fungus (Vargas et al., 2009) . Altogether, Trichoderma strains are more and more used as 44 and pattern of their infection process was the same as for PKI1. Fluorescence quantification showed 126 no relevant change in the expression of ech42 (endochitinase) during the whole time-course of the 127 experiment, compared to the control; nag1 (exochitinase) expression level was only weakly 128 enhanced 24 hours post T. atroviride inoculation (earlier than the first hyphal contacts) and 129
decreased to values lower than the control at 96 hpi, when contacts and mycoparasitic colonization 130 were observed (see Supplemental Figures 3A and 3B) . 131
The observation that two major chitinases of T. atroviride (an endo-and an exochitinase) were not 132 significantly upregulated during the parasitic phase indirectly supports the results of wall chitin 133 labelling experiments, suggesting that chitin lysis in the parasitized hyphal wall has not a major role 134 in the mycoparasitic event. 135
136

Trichoderma atroviride mycoparasitism does not require viable host hyphae 137
To better understand whether the observed extensive hyphal colonization involves any active 138 response by the AM fungus, the glomeromycete hyphae (G. margarita), was exposed to 90 min UV 139 irradiation prior to inoculation of T. atroviride. The effective loss of viabiliy in the AM hyphae was 140 assessed by confocal microscopy observations, which revealed the stop of all cytoplasmic streams 141 (see Supplemental Movies 4 and 5). Importantly, no outbreak of cytoplasm was observed, 142 indicating that G. margarita cell walls were intact. As in the previous experiments, the two fungi 143 were clearly recognizable due to their distinct fluorescence wavelenghts (Figure 3) . The time-course 144 of the interaction was exactly the same as in the presence of the viable AM fungus. Trichoderma 145 could be spotted inside Gigaspora hyphae starting from 48 hpi ( Figures 3A and 3B) ; massive 146 colonization sites were marked by multiple coiled hyphae completely filling the AM hyphal lumen 147 ( Figure 3A) . 148
Interestingly, observations at 72 hpi showed Trichoderma preferentially growing in Gigaspora 149 cytoplasm-filled hyphae, while avoiding empty hyphal branches ( Figure 3C Accepted Article proceeding all along a Gigaspora hypha and branching in correspondence of the parasitized hyphal 152 branches. Subsequent profuse branching led to the occupation of most of the hyphal lumen (Figure  153 3H). The swelling of Trichoderma hyphal tip was evident as it reached the apex of the Gigaspora 154 hypha ( Figure 3H ). Eventually, T. atroviride exited the G. margarita apex by perforating its 155 terminal wall ( Figure 3I) . 156
These observations showed that T. atroviride is able to colonize both viable and non-viable AM 157 hyphae, pointing out that no active response or signaling from Gigaspora is required to elicit the 158 mycoparasitic process. In spite of its wide array of chitinolitic enzymes, T. atroviride preferentially 159 grew in cytoplasm-filled hyphae. This suggests that G. margarita cytoplasm represents a more 160 convenient substrate compared to the chitinous cell wall. 161
162
M. truncatula root colonization by T. atroviride in dual cultures is associated with localized cell 163 death 164
We used M. truncatula root organ cultures expressing the GFP-HDEL marker for the endoplasmic 165 reticulum (ER) to assess plant cell viability and cytoplasm reorganization (Genre et al., 2009 ) 166 during the dual interaction with T. atroviride. Twenty-four hours post inoculation, the fungus had 167 grown diffusely, forming highly branched hyphae that extended radially from the inoculum plug 168 (data not shown). At 48 hpi, isolated hyphae approached M. truncatula roots, but no direct contact 169
was observed yet ( Figure 4A ). At this stage, root epidermal and cortical cells displayed a regular 170 lace-like network of GFP-labelled ER cisternae, not different from control roots, indicating that 171 hyphal vicinity did not affect cell viability ( Figure 4B and Supplemental Figure 1D ). At 72 hpi, the 172 mycelium had almost entirely covered the Petri dish. Confocal microscopy revealed that the 173 mycelium had extensively contacted the root epidermis ( Figure 4C ), but appressorium-like 174 structures or root penetration events were never observed. Nevertheless, a partial disruption of the 175 ER tubular structure was evident in epidermal and cortical cells, as GFP fluorescence was reduced 176 to separate puncta and patches ( Figure 4D ). Cytoplasmic aggregations, typically observed in the 177 Accepted Article same experimental system upon contact with glomeromycetes or biotrophic pathogenic fungi 178 (Genre et al., 2009) , were never detected in the presence of T. atroviride. 144 hours post T. 179 atroviride inoculation (6 days), the GFP-HDEL fluorescence had disappeared from all epidermal 180 cells, indicating a significant loss of viability. As shown in Figure 4E and 4F, the cell borders were 181 only marked by the reddish wall autofluorescence that in lively roots is covered by the bright GFP 182 signal. The appearance of diffuse GFP fluorescence in the lumen of a few cells ( Figure 4E As a positive control we used culture filtrates from Gigaspora margarita, which elicited intense 206 nuclear calcium spiking, as expected (Chabaud et al., 2011) . Representative calcium plots are 207 shown in Figure 5 . 208
We conclude that T. atroviride exudates do not activate the CSSP in M. truncatula ROCs, 209 suggesting that the plant is not perceiving Trichoderma diffusible signals through this conserved 210 symbiotic pathway. 
T. atroviride dismantles glomeromycetes wall and feeds on their cytoplasm 248
In our experimental conditions, T. atroviride PKI1 penetrated G. gigantea and G. margarita hyphae 249 with localized cell wall dismantling, in analogy to the process described for other species of 250
Trichoderma parasitizing the AM fungus Rhizophagus irregularis or several phytopathogens 251 (Benhamou and Chet, 1997; Rousseau et al., 1996) . Such processes have long been ascribed to the 252 action of cell wall degrading enzymes -chitinases, glucanases and proteases -and secondary 253 metabolites (Di Pietro et al., 1993; Lorito et al., 1993a; 1993b; 1994; 1996; Schirmböck et al., 254 1994; Zeilinger et al., 1999) . This was supported by targeted gene knock-out or overexpression 255
Accepted Article experiments (Woo et al., 1999; Djonović et al., 2006; Djonović et al., 2007) and genome 256 sequencing of a few Trichoderma species (Martinez et al., 2008; Kubicek et al., 2011) , where a 257 huge inventory of genes encoding poly-and oligosaccharide hydrolytic enzymes has been found 258 (Druzhinina et al., 2012) . Nevertheless, a genome-wide expression study has indicated that T. 259 atroviride mostly expresses glucanases belonging to the GH16 family and proteases during 260
Rhizoctonia solani colonization (Atanasova et al., 2013) , suggesting that chitinases are not major 261 determinants of mycoparasitism in this species. Our results are in line with this view and show that 262 T. atroviride can enter the complex multilayered wall of a Gigasporacean AM fungus -reportedly 263 composed of chitin, beta 1-4 glucans, mannans and proteins (Bonfante, 2001; Tisserant et al., 264 2013) . Nevertheless, the dismantling of the glomeromycete cell wall was only evident at penetration 265 sites, in the immediate vicinity of intra-hyphal hyphae. Wall degradation mainly involved the 266 electron dense components of the wall, exposing a loose fibrillar network, probably representing the 267 untouched chitin skeleton. This appears to be sufficient to grant wall loosening and access of the 268 mycoparasite to the coenocytic hyphal lumen. The fact that both major chitinases of T. atroviride 269
were not upregulated during its interaction with the AM fungus -as highlighted by our experiments 270 with ech42::gfp and nag1::gfp strains -indirectly supports this hypothesis. 271 Furthermore, our experiments with UV-killed Gigaspora margarita show that T. atroviride does 272 not require any active response by the glomeromycete to start its colonization. Moreover, the 273 colonization of living AM fungal hyphae followed exactly the same timing and pattern, suggesting 274 that AM hyphae are prone to T. atroviride mycoparasitism. ., 2012; Shoresh et al., 2010; Perazzoli et al., 2012) . A targeted gene expression study on plant 305 cell death markers should finally demonstrate if (programmed) cell death is a necessary step at least 306 in some plant-Trichoderma interactions to activate systemic resistance or growth promotion 307 responses. For sure, the contrast is striking with the root colonization mechanism in AM, where the 308 preservation of plant cell integrity is required for fungal penetration and symbiosis establishment 309 intraradices, and reported that intraradical AM mycelium colonizing potato roots was susceptible to 315 T. harzianum invasion. In their experimental conditions, the presence of the AM fungus seems to be 316 required for root penetration by T. harzianum, with no apparent detrimental effects on either the 317 plant or the AM fungus. By contrast, our results show that T. atroviride can directly colonize root 318 tissues -regardless of the presence of an AM fungus -and affect the viability of both G. gigantea 319 hyphae and M. truncatula root cells. Furthermore, confocal microscopy never showed the presence 320 of T. atroviride inside the intraradical mycelium of G. gigantea, in apparent contradiction with the 321 hypothesis that Trichoderma spp. exploit the glomeromycete mycelium as an access route to inner 322 root tissues. This contrasting evidence could be due to the different fungal and plant species, as well 323 as to the high level of adaptability of these ecologically successful root-associated microbes. In fact, 324
DeJaeger and colleagues (2010) had purposely chosen a strain of T. harzianum known for its 325 inability to penetrate the roots of S. tuberosum, in order to highlight the intraradical AM mycelium-326 mediated colonization mechanism. It should also be noted that our experimental setup imposes the 327 use of root organ cultures lacking the aerial part of the plant. As a consequence, systemic and 328 physiological responses due to the combined action of the two fungi (Martínez-Medina et al., 2011) 329 Accepted Article could not be taken into account. We cannot exclude that in vitro conditions gave Trichoderma a 330 particularly favourable environment to deploy its mycoparasitic and plant necrotrophic strategies. 331
Further studies can now be envisaged to assess the importance of these phenomena in natural 332 conditions, where the complexity and competitiveness of the rhizosperic environment may mitigate 333 the aggressiveness that Trichoderma displayed in our in vitro conditions. 334
In conclusion, a combination of detailed live imaging, electron microscopy studies and live gene BL performed all experiments, analyzed the data and contributed to the writing; AG performed 345 confocal microscopy experiments, analyzed the data and contributed to the writing; AF performed 346 the electron microscopy experiments; SW and ML analyzed the data and contributed to the writing; 347 PB conceived the experimental design; analyzed the data and wrote the manuscript. Accepted Article
